Phytopathogens translocate effector proteins into plant cells where they sabotage the host cellular machinery to promote infection. An individual pathogen can translocate numerous distinct effectors during the infection process to target an array of host macromolecules (proteins, metabolites, DNA, etc.) and manipulate them using a variety of enzymatic activities. In this review, we have surveyed the literature for effector targets and curated them to convey the range of functions carried out by phytopathogenic proteins inside host cells. In particular, we have curated the locations of effector targets, as well as their biological and molecular functions and compared these properties across diverse phytopathogens. This analysis validates previous observations about effector functions (e.g. immunosuppression), and also highlights some interesting features regarding effector specificity as well as functional diversification of phytopathogen virulence strategies.
INTRODUCTION
Phytopathogens proliferate by usurping nutrients from plant tissues. In response, plants defend themselves using pattern recognition receptors (PRRs) to recognize pathogen-associated molecular patterns (PAMP), which trigger PAMP-triggered immunity (PTI) to restrict pathogen growth. PTI generally involves activation of mitogen-activated protein kinase (MAPK) cascades, increases in cytosolic Ca 2+ concentration, callose deposition, reactive oxygen species (ROS) production, stomatal closure and transcriptional reprogramming (Couto and Zipfel, 2016; Yu et al., 2017) . As a counter response, phytopathogens have evolved numerous mechanisms to deliver virulence proteins, termed effectors, into host cells to suppress host immune signalling and promote infection. In addition to proteins, phytopathogens also infiltrate host cells with toxic secondary metabolic products that promote and influence disease outcomes (Strange, 2007) . However, phytopathogen effectors can be recognized by host cytosolic NOD-like receptors (NLRs), thereby activating effectortriggered immunity (ETI), a more robust immune response with similar signalling pathways and outputs as PTI, but often accompanied by a hypersensitive cell death response (Jones and Dangl, 2006; Cui et al., 2015) . As effectors can function as both virulence and avirulence factors, they play deterministic roles in the outcome of plant-pathogen interactions (Alfano and Collmer, 2004) . Inside host cells, the functions of effector proteins are defined by their actions on host targets, which vary in localization, as well as molecular and biological functions. These include signalling proteins and transcriptional regulators, as well as protein processing and metabolic enzymes, with a majority of targets involved in plant immunity (Lewis et al., 2009; Deslandes and Rivas, 2012; B€ uttner, 2016) .
Effector targets can be classified into four general functional categories based on how they influence effector functions and/or the pathogenic outcome. One category consists of targets that are modified by effectors to promote pathogen fitness (a.k.a. virulence targets). For example, the Pseudomonas syringae effector HopF2b is an ADP ribosyltransferase that modifies the MAP kinase MKK2 thereby interfering with PTI responses . The fungal effector AvrPiz-t also suppresses the PTI response by targeting the rice RING E3 ubiquitin ligase APIP6 (Park et al., 2012) . A second category comprises targets required for effector function (a.k.a. cofactors). Examples include the activation of the AvrRpt2 protease by the eukaryotic cyclophilin, ROC1 (Coaker et al., 2005 (Coaker et al., , 2006 and the activation of the HopZ1a acetyltransferase by phytic acid (Lee et al., 2012; Zhang et al., 2016) . A third category includes 'sensor' targets that typically associate with NLR proteins, and promote ETI (Khan et al., 2016) . A prototype sensor is the Arabidopsis RIN4 protein, which is cleaved by the effector AvrRpt2 leading to the disappearance of RIN4 and subsequent activation of ETI by the associated NLR protein RPS2 (Axtell and Staskawicz, 2003; Mackey et al., 2003; Kim et al., 2005a) . In plants lacking their cognate NLR proteins, sensors can function as either virulence targets (a.k.a. guardees) or mimics of virulence targets that do not contribute to pathogen fitness (a.k.a. decoys). There are likely to be numerous effector targets in the fourth and final category; targets that are modified by effectors but do not influence pathogen fitness. However, these targets are likely overlooked due to a lack of functional significance, but could potentially exhibit conditional effects depending on the host and/or environmental factors. For example, this is likely true for the targets of the P. syringae effector HopAM1 that displays virulence functions that are conditional on drought stress (Goel et al., 2008) .
Several excellent reviews have provided comprehensive inventories of effector targets and have highlighted their biological diversity (Lewis et al., 2009; Block and Alfano, 2011; Deslandes and Rivas, 2012; Asai and Shirasu, 2015; B€ uttner, 2016) . This review provides additional curation of these inventories across various phytopathogens in order to provide a comparative overview of effector biology as well as insights into phytopathogen virulence strategies. We focus on effector targets of bacterial phytopathogens, which have been most extensively characterized, and compare them with effector-target repertoires from fungal and oomycete pathogens. Although some effectors are known to function in the apoplastic space (Win et al., 2012; Wang and Wang, 2017) , we focus this review on their intracellular roles. We have assembled a thorough list of 261 published effector 'targets' based on two criteria: (1) evidence of direct interaction (e.g. in vitro assays, yeast two-hybrid assays, etc.); and (2) in planta or in vitro evidence of target manipulation (e.g. in planta interaction, target modification, etc.) (Table S1 ). For all confirmed interactions, we identified their (i) cellular location(s); (ii) biological function; and (iii) molecular function. Overall, the data collected provide a unique large-scale overview of effector targets identified by plant-pathogen research.
EFFECTOR TARGETS OF BACTERIAL PHYTOPATHOGENS
Bacterial phytopathogens such as Pseudomonas syringae, Xanthomonas spp. and Ralstonia solanacearum employ complex multiprotein secretion systems, to deliver a diverse set of effectors into host cells. In particular, the type III secretion is essential for the pathogenicity of these bacterial strains, and forms the focus of our analysis. This omits effectors of other secretion systems, such as the type IV secreted effectors of Agrobacterium tumefaciens involved in delivery and integration of the T-DNA into the host genome (Gelvin, 2017) . Nevertheless, type III effectors (T3Es) have been the most extensively studied of the phytopathogen effectors and represent an ideal dataset for comparisons of effector functions across species with different infection strategies.
Location, location, location
Proper localization of effectors in eukaryotic cells is crucial for their functions (Hicks and Gal an, 2013) . In order to achieve proper localization, effectors may possess organelle-targeting signals or be modified by the attachment of lipid groups following translocation into the cytoplasm of eukaryotic cells (Hicks and Gal an, 2013) . For example, lipidation of effector proteins through S-palmitoylation, N-myristoylation and prenylation promotes membrane association and is required for the function of numerous effector families (reviewed in Hicks and Gal an, 2013; Escoll et al., 2016) . In order to ascribe localizations to effector targets we used direct in planta visualization of effector-target interaction when available [e.g. bimolecular fluorescence complementation (BiFC)]. Otherwise, we used the Uniprot database to ascribe predicted or published localizations to type III effector targets (Table S1 ). In cases in which an individual target is localized to multiple places, we chose the location corresponding to the observed or predicted effector localization in order to reflect the location of effector-target interaction.
Overall, bacterial effectors predominantly target host proteins that localize to the membrane (40%), nucleus (31%) and cytoplasm (24%) with less prominent locations being the chloroplast (2%), mitochondrion (1%), vacuole (1%), peroxisome (1%), early endosome (1%) and endoplasmic reticulum (1%) (Figure 1(a) ). The prominence of membrane localized targets is in line with a recent systematic localization analysis of 200 type III effectors from six bacterial species, which found that over 30% were membrane localized (Weigele et al., 2017) . When we compared effector-target localization across bacterial species, we found that P. syringae targets are mostly membrane localized (52%), Xanthomonas targets are predominantly in the nucleus (45%), whereas Ralstonia are mainly in the cytoplasm (50%) and nucleus (36%) (Figure 1(b) ). The membrane localized targets of P. syringae effectors are dominated by membrane associated kinases that play crucial roles in PTI as well as membrane localized components of ETI such as RIN4, PBS1 and PBS1-like kinases. Although MAP kinases are not ascribed membrane localizations, they are targeted by membrane localized effectors such as HopF2 (MKK1, MKK4, MKK5) and AvrB (MPK4) suggesting that MAP kinase components are membrane associated (Cui et al., 2010; Wang et al., 2010) . The prominence of nuclear targets for Xanthomonas effectors can be partly attributed to their transcription activator-like effectors (TALEs; not found in P. syringae) that use the eukaryotic nuclear localization machinery to transcriptionally regulate plant gene expression using host transcriptional machinery (Boch et al., 2014) . TALE-like effectors (RipTALs) are also found in Ralstonia (Li et al., 2013; Schandry et al., 2016) , however their direct targets have yet to be identified. The number of Ralstonia effector targets is represented mainly by the nuclear targets of PopP2, and the cytosolic targets of RipAY and Gala6. However, this distribution will likely change as more Ralstonia effector targets are identified. Overall, membrane and nuclear targets dominate the distribution of bacterial type III effector targets, reflecting the importance of targeting immune signalling both at the level of perception and transcription. Pseudomonas syringae appears to prominently target early signalling whereas Xanthomonas and Ralstonia targets are further downstream at the transcriptional response ( Figure 3 ).
An interesting observation from the localization of type III effector targets is that 28% have targets in multiple cellular locations (Figure 1(c) ). Effectors such as HopW1 have membrane, chloroplastic and cytosolic targets and HopM1 have nuclear, membrane, early endosome and cytoplasmic targets (Nomura et al., 2006; Lee et al., 2008; Kang et al., 2014; Lozano-Dur an et al., 2014; € Ust€ un et al., 2016) . Therefore, these effectors are capable of targeting multiple eukaryotic compartments. It is conceivable that membrane localized effectors are also able to target cytoplasmic proteins due to close proximity. Nevertheless, even with membrane and cytoplasmic targets combined, 14% of effectors can target multiple distinct cellular compartments.
Usurping plants with impunity: the many ways to suppress immunity A major virulence target of bacterial effectors is plant immunity (Lewis et al., 2009; Block and Alfano, 2011) . To determine the number of type III effector protein targets that are involved in immunity, we categorized them as 'immunity' or 'not', based on experimental evidence (Table S1 ; Figure 2 ). The 'immunity' category included PTI, ETI, and general immunity (i.e. not defined as ETI or PTI). Some proteins were included in multiple categories of immunity, for example RIN4 contributes to both ETI and PTI (Mackey et al., 2002; Kim et al., 2005a,b) . Overall, at least 78% of the proteins targeted by bacterial effectors contribute to immunity, with a majority involved in ETI (23%) and/or PTI (26%). General immunity (11%) comprises targets that influence cell death, flg22-induced ROS production, inhibition of effector activity and may include proteins with uncharacterized roles in PTI and/or ETI. As all phytohormones influence immunity either directly or indirectly, 'Hormone signalling' could also be considered in the 'Immunity' category, and includes proteins involved in hormone biosynthesis and/or signalling (21%; Denanc e et al., 2013). The 'Unknown' category includes proteins with no evidence of a role in immunity including some targets that influence pathogen growth but have not been directly implicated in immunity (19%). These proteins may have uncharacterized roles in immunity or serve as virulence targets that promote nutrient acquisition/niche creation (Macho, 2016) . Overall, components of plant immunity are the prominent target of bacterial type III effectors, with half of all targets being involved in PTI/ETI and one-fifth of targets involved in hormone signalling.
To survey the properties of proteins targeted by bacterial effectors, we collected data on the overall biological and molecular function of target proteins based on the Uniprot database and published data (Table S1 ). A majority of bacterial effectors target proteins involved in 'Signalling' (50%) or 'Transcription '(22%; Figure 3 (Table S1 and Figure 3 (a)). Other notable molecular classes are 'Protein Binding' (12%), 'Oxidoreductases' (7%), 'Ubiquitination' (5%) and 'Protein Folding/Stability' (3%), 'Hydrolases' (3%), 'NLR' (3%), 'Promoter' (3%) and 'Phosphatase' (2%). All molecular function categories with <2% of the target proteins were combined as 'Other' (12%; Figure 3(a) ).
Within bacterial species, the major target of P. syringae effectors are plant proteins involved in 'Signalling' (64%) and 'Transcription' (18%) with less than 10% involved in each of the other biological processes (Figure 3(b) ). In terms of molecular categories, P. syringae predominantly targets 'Kinases' (41%), including the PRRs FLS2 and EFR, PRR-associated kinases such as BAK1 and BIK1, other kinases of the BIK1 RLCK VII family such as RIPK, PBS1 and PBS1-like kinases, as well as MAP kinases (G€ ohre et al., 2008; Shan et al., 2008; Xiang et al., 2008 Xiang et al., , 2011 Li et al., 2016) . Transcriptional targets of P. syringae include transcription factors of the TCP (TEOSINTE BRANCHED 1, CYCLOIDEA, PCF1) and WRKY families as well as JAZ (JASMONATE ZIM-DOMAIN) transcriptional regulators Xanthomonas effectors predominantly target 'Transcription' (33%), followed by 'Signalling' (29%), 'Protein Processing' (21%) and 'Metabolism' (14%) (Figure 3(c) ). The higher percentage of transcriptional targets for Xanthomonas effectors is partially due to the TAL effector DNA targets (12%) including the promoters of the resistance gene Bs3 (a flavin monooxygenase; Romer et al., 2007) and the susceptibility gene upa20, which are activated by binding of AvrBs3 to conserved effector binding elements (Kay et al., 2007; Romer et al., 2007) . Although the number of TAL effector gene targets will significantly increase, currently the majority of Xanthomonas transcriptional targets are 'Transcriptional Regulators' (22%). These include the DELLA protein RGA targeted by XopD Xcc8004 to potentially promote plant disease tolerance (Tan et al., 2014) and HMG (Citrus sinensis) targeted by PthA4 to regulate mRNA stability and translation (de Souza et al., 2012) . TAL effectors are also likely to target the transcriptional machinery to activate gene expression, however the identity of these targets remains to be determined. 'Kinases' also represent an important share of Xanthomonas targets (22%) and include BIK1, RIPK, PBLs targeted by AvrAC and XopR (Feng et al., 2012; Guy et al., 2013; Wang et al., 2015 Wang et al., , 2016 .
Although underrepresented, the major targets of Ralstonia effectors identified to date are distinct from those of P. syringae and Xanthomonas and are associated with 'Metabolism' (52%), followed by 'Transcription' (19%), 'Signalling' (14%), and 'Protein Processing' (14%) (Figure 3d) . The 'Metabolism' related targets in Ralstonia mainly represent 'Oxidoreductases' (48%), in particular h-type thioredoxins targeted by RipAY and catalases targeted by RipAK (CAT2 and CAT3), which act as ROS scavengers to degrade H 2 O 2 (Fujiwara et al., 2016; Sang et al., 2016; Sun et al., 2017) .
Overall, signalling and transcription represent the prominent biological process targeted by bacterial type III effectors, with preferential targeting of 'signalling' by P. syringae and 'transcription' by Xanthomonas. An interesting observation is that effectors can target multiple members of particular molecular categories, as observed for the targeting of the RLCK VII kinase family by AvrB or the JAZ family of transcriptional regulators by HopX1 (Liu et al., 2011; Gimenez-Ibanez et al., 2014; Xu et al., 2017) . In fact, we noted that within the kinase molecular category, effectors target on average 3.6 kinases, the highest among all categories (Figure 3e ). The highly conserved structure of protein kinases may make them prime candidates for target expansion by individual effectors, even across kinase families. For example, AvrB and HopZ3 target MAP kinases in addition to the RLCK VII family (Cui et al., 2010; Liu et al., 2011; Lee et al., 2015; Xu et al., 2017) and HopF2 has MKK and RLK targets Singh et al., 2014; Zhou et al., 2014) .
OOMYCETE AND FUNGAL EFFECTOR TARGETS: SAME, BUT DIFFERENT
The delivery of oomycete and fungal effectors is distinct from bacterial pathogens and relies on translocation domains containing common motifs such as RxLR-dEER, or CRN (Crinkler motif) and CHxC amino acid sequence (Jiang et al., 2008; Kale and Tyler, 2011; Selin et al., 2016) . However, their precise mode of entry into eukaryotic cells remains enigmatic. To date, less than 100 effector proteins have been identified from fungi and oomycetes and even fewer have been shown to have a direct interaction with plant proteins (Table S1 ; Selin et al., 2016) . Nevertheless, we conducted a preliminary comparison of host proteins targeted by effectors from bacteria, oomycetes and fungal pathogens to provide insights into the virulence strategies employed by these diverse phytopathogens (Figure 4) . While, 95% of bacterial effector targets are membrane, nucleus and/or cytoplasmically localized, only 63% of oomycete effector targets are localized to these compartments (Figure 4(a) ). Instead, a larger percentage of oomycete targets localize to the peroxisome and endoplasmic reticulum (17% each). Examples include the ER-localized NAC transcription factors targeted by Phytophthora (NTPs) and immunoglobulin proteins (BiPs), and the peroxisomal localized catalases (CAT). Interestingly, potato NTP1 and NTP2 proteins are released from the ER membrane following treatment with P. infestans culture filtrate and accumulate in the nucleus where they prevent disease progression by this pathogen (McLellan et al., 2013) . However, the effector Pi03192 prevents accumulation of NTP1 and NTP2 in the nucleus revealing a novel virulence target; nuclear-ER transport of proteins (McLellan et al., 2013) . In contrast with oomycetes, most fungal effector targets are localized to the cytoplasm (61%).
Like bacterial effector targets, most oomycete and fungal effector targets are involved in immunity (59 and 81%, respectively). Most oomycete targets have not been ascribed to either ETI or PTI roles (44% general immunity), whereas fungal effectors seem to be directly recognized by NLR proteins, which account for 38% of host targets resulting in ETI as a major fungal target category (53% ; Table S1 and Figure 4(b, d) ). In terms of biological functions, 'Signalling' is a major target of fungal effectors (44%; mainly NLRs), but only represents 20% of oomycete targets (Figure 4(c) ). 'Protein Processing' appears to be a more prominent target of oomycete (33%) and fungi (31%) relative to bacteria (12%). 'Protein Processing' is represented by proteins with molecular functions in 'Ubiquitination', 'Protein Folding/Stability', 'Protein Degradation' and 'Protein Sorting'. For example, the Phytophthora sojae effector PsAvh262 targets multiple soybean BiP family of chaperones and the Magnaporthe oryzae effector AvrPiz-t targets multiple E3 ligases (APIPs; Park et al., 2012; Jing et al., 2016; Park et al., 2016; Tang et al., 2017) . In terms of molecular functions, while bacteria predominantly target 'Kinases' (32%), oomycete targets are more diverse in molecular function, including 'Oxidoreductases' (19%), 'Protein Folding/Stability' (17%) 'Phosphatases' (14%), or 'Promoters' (14%), with 'Kinases' only representing 2% of the total (Figure 4(d) ). Similarly, only 6% of fungal effector targets are 'Kinases' with 'NLRs' (38%) and 'ubiquitination' (13%) making up a majority of fungal targets. Overall, this situation indicates that bacteria, oomycetes and fungi may differ substantially in the types of proteins they target in order to suppress plant immunity. While bacterial effectors focus on membrane, nuclear and cytoplasmic localized kinases and transcriptional regulators, oomycete effectors target oxidoreductases and proteins involved in protein folding/stability in the peroxisome and the endoplasmic reticulum, whereas fungal effectors may prominently target cytosolic proteins including the ubiquitination machinery. In addition, the prominence of fungal 'NLR' targets suggests that direct recognition of fungal effectors by NLR proteins plays an important role in fungal ETI. In contrast, bacterial ETI relies predominantly on indirect effector recognition (see below), with the WRKY domain containing NLR RRS1 being the only NLR demonstrated to directly interact with bacterial effectors (Deslandes et al., 2003; Tasset et al., 2010; Le Roux et al., 2015; Sarris et al., 2015) .
SPECIFICITY OF TYPE III EFFECTORS
Plant pathogens use suites of effectors to target many different host proteins to enhance virulence. However, even a single effector can target multiple host proteins. In fact, while 32% of bacterial type III effectors have a single host target, 32% target multiple proteins from the same molecular class, and 36% have multiple targets from distinct molecular classes ( Figure 5 ). Therefore, while some type III effectors display 'high specificity' and target one protein, most type III effectors display 'low specificity' and can target multiple host proteins.
High specificity effectors: smart bombs
Effectors that target just a single host protein may reflect a high degree of host target specificity. For example, AvrRpm1 from P. syringae has only been observed to directly interact with the sensor protein RIN4 from Arabidopsis (Mackey et al., 2002) . While no biochemical function has been attributed to AvrRpm1, this interaction promotes RIN4 phosphorylation, leading to the activation of the NLR RPM1 (Mackey et al., 2002) . In another example, HopA1 from P. syringae has been found to target the immune regulator EDS1 and triggers ETI dependent on the NLR RPS6 (Bhattacharjee et al., 2011) . As EDS1 associates with RPS6, it is likely that the HopA1-EDS1 interaction leads to RPS6-mediated ETI (Kim et al., 2009; Bhattacharjee et al., 2011) . Interestingly, both EDS1 and RIN4 are crucial components of immunity whose disruption alters pathogenesis (Parker et al., 1996; Kim et al., 2005a,b) . It is possible that high specificity effectors have specialized to target these crucial hubs of plant immunity that can individually influence the plant immune response. Our analysis indicates that 32% of effectors have a single target identified in planta, which would categorize them as high specificity effectors ( Figure 5 ). However, it is likely that additional screens for effector targets will reduce the proportion of effectors in this category. In fact, AvrRpm1 can promote P. syringae growth in plants lacking RIN4, demonstrating that additional virulence targets remain to be identified (Belkhadir et al., 2004) .
Low specificity effectors: cluster bombs
The majority of type III effectors target multiple proteins (68%), indicating that most effectors likely possess multiple functions in the plant cell. These include effectors that target multiple members of a single class of proteins (32%; Figure 5 ). For example, multiple members of the 14-3-3 and JAZ classes of proteins are targeted by the P. syringae effectors HopQ1 and HopX1, respectively. Similarly, multiple kinases are targeted by the effectors AvrPphB and HopAI1 from P. syringae, and AvrAC from Xanthomonas (Table S1 ). Since different members of a class of proteins (e.g. kinases) may contribute to distinct biological functions, effectors that target multiple members of a single class of proteins can potentially disrupt multiple biological pathways to promote virulence.
Low specificity effectors can also target multiple proteins from distinct molecular classes (36%; Figure 5 ). For example, HopM1 is part of the conserved effector locus (CEL) in P. syringae, which is required for maximum virulence on tomato and Arabidopsis (Alfano et al., 2000; DebRoy et al., 2004; Badel et al., 2006) . HopM1 promotes the degradation of the Arabidopsis ARF-GEF MIN7 that is dependent on proteasome, which leads to the impairment of late PTI responses such as callose deposition (Nomura et al., 2006 (Nomura et al., , 2011 . HopM1 also targets several subunits of the 26S proteasome, which results in the inhibition of proteasome activity ( € Ust€ un et al., 2016) . While these two functions may appear contradictory, it is suggested that HopM1 may specifically promote MIN7 degradation by the proteasome, while also preventing the recognition of other ubiquitinated proteins ( € Ust€ un et al., 2016) . By inhibiting the proteasome, turnover of inactivated PRRs such as FLS2 will be less efficient resulting in dampened PTI responses ( € Ust€ un et al., 2016) . It has also been reported that HopM1 interacts with the 14-3-3 protein MIN10/GRF8 in Arabidopsis, which leads to its degradation and suppression of early PTI responses such as the oxidative burst and stomatal closure (Nomura et al., 2006; Lozano-Dur an et al., 2014) . As such, HopM1 can disrupt multiple aspects of PTI by targeting a diverse set of host proteins. Phytopathogen associated members of the YopJ superfamily of acetyltransferases also represent a low specificity group of type III effectors. HopZ1a, a member of the YopJ family from P. syringae has several distinct molecular targets. HopZ1a acetylates tubulin and disrupts the plant cytoskeletal network, resulting in a breakdown of cellular trafficking (Lee et al., 2012) . This is proposed to impair the transport of immune components such as the PRR FLS2, thereby weakening the resistance response (Lee et al., 2012) . HopZ1a also interacts with GmHID1 from soybean, which is responsible for isoflavonoid biosynthesis . This interaction promotes the degradation of GmHID1, and subsequently increases the susceptibility of soybean to P. syringae, supporting the role of isoflavonoids in plant immunity . JAZ proteins have also been shown to be targets of HopZ1a, specifically GmJAZ1 from soybean and JAZ6 from Arabidopsis (Jiang et al., 2013) . JAZ proteins act as transcriptional repressors of jasmonic acid (JA)-responsive genes. Acetylation of JAZ proteins by HopZ1a induces their degradation and activates JA-signalling, which antagonizes the SA signalling required for effective immunity against hemibiotrophic pathogens such as P. syringae (Jiang et al., 2013) . HopZ1a has also been found to target the pseudokinase ZED1 but, unlike its previously described virulence targets, ZED1 is an NLR-associated sensor that leads to its recognition and activation of ETI through the NLR ZAR1 (Lewis et al., 2013) .
In addition to HopZ1a, the YopJ superfamily effectors HopZ3 from P. syringae, PopP2 from Ralstonia and AvrBsT from Xanthomonas also target multiple classes of proteins. HopZ3 targets kinases such as MPK4 and members of the RLCK VII family, as well as RIN4 and even other type III effectors such as AvrB3 and AvrRpm1. However, the functional significance of effector-effector interactions remains to be determined (Table S1 ; Lee et al., 2015) . PopP2 targets WRKY domain proteins as well as the protease RD19 (Bernoux et al., 2008; Tasset et al., 2010) . It also interacts with the WRKY domains of the RRS1 NLR proteins (Deslandes et al., 2003; Tasset et al., 2010; Le Roux et al., 2015; Sarris et al., 2015) . AvrBsT acetylates the microtubule binding protein ACIP1 from Arabidopsis and disrupts microtubules (Cheong et al., 2014) . In addition, AvrBsT has been shown to interact with the decarboxylase CaADC1, the chaperone binding protein SGT1, the chaperone Hsp70, and the aldehyde dehydrogenase ALDH1 from pepper (Table S1 ). All of these interacting partners have distinct roles in immunity, suggesting that AvrBsT also functions by disrupting immunity at multiple levels. AvrBsT has been shown to interact with the kinase SnRK1 in pepper as well, which does not play a direct role in immunity; but instead regulates sugar metabolism (Szczesny et al., 2010) . This could indicate that AvrBsT also functions in misregulation of metabolism to further aid in disease establishment.
Overall, these examples reflect the significant target diversity of this effector superfamily.
It is interesting to note how low specificity effectors display similar promiscuity as the hubs in protein interaction networks, and may therefore display similar features. The hubs of yeast protein interactomes are typically relatively large proteins that possess multiple domains for protein interactions (Ekman et al., 2006) . Although some effectors are remarkably large (>100 kDa), the majority are in the molecular weight range between 20-50 kDa. However, several effectors possess multiple domains that may allow them to interact with diverse host targets. For example, the crystal structure of HopF1 adopts a mushroom-like shape with a head domain, which possesses ADP ribosyltransferase activity, and stalk domain of unknown function (Singer et al., 2004) . Similarly, AvrPtoB is a modular protein possessing two distinct kinase binding domains, as well as an E3 ligase domain (Rosebrock et al., 2007) . Interactions between the effectors and targets may also be facilitated by the presence of intrinsically disordered regions that provide areas of flexibility for transient and low specificity interactions (Ekman et al., 2006; Vavouri et al., 2009) . Although effectors tend to display limited sequence similarity to proteins of known function, structural studies show that they adopt defined structures that appear to provide sufficient plasticity to interact with a broad range of host proteins. The structural plasticity may come from flexible folds such as the WY fold found in some oomycete effectors (Franceschetti et al., 2017) . In addition, the Nterminal region of the low specificity effector SopB from Salmonella is partially disordered and is proposed to provide an adaptable platform for binding numerous distinct host targets (Roblin et al., 2013) . AS most type III effectors are predicted to possess disordered N-termini, this could potentially represent a general mechanism that influences effector specificity. It has also been suggested that some effectors with broad enzymatic specificity possess 'duplicate' active site residues that potentially enables them to broaden substrate specificities (Chakraborty et al., 2012) . It is conceivable that similar 'duplicate' residues are also present in some low specificity effectors and could explain dual functions observed with effectors such as HopF2 and HopZ1c (Hurley et al., 2014; Lewis et al., 2014) . Overall, additional structural studies of effectors are warranted to provide a better understanding of how low specificity effectors are able to interact with a broad range of distinct host targets.
IT'S A TRAP! TYPE III EFFECTOR SENSORS TRIGGER NLR-MEDIATED ETI
To the detriment of the pathogen, effector targets also include NLR-associated sensors that activate the ETI response (Khan et al., 2016) . This is analogous to a mouse trap in which the mouse (effector) nibbles on the bait (sensor) that activates the trap (NLR) resulting in a large conformational change and a deadly outcome (ETI; Kim et al., 2016) . Sensor proteins can be classified into two groups: 'guardees' and 'decoys'. Guardee sensors are effector targets that include RIN4 and EDS1 and represent virulence targets in the absence of the respective NLR (van der Biezen and Jones, 1998; Dangl and Jones, 2001) . Conversely, decoy sensors resemble the virulence targets of an effector, but confer no virulence advantage in the absence of the NLR (van der Hoorn and Kamoun, 2008; Collier and Moffett, 2009 ). These include numerous kinases including ZED1 (pseudokinase), Pto, PBL2 and PBS1. In some cases, decoys are integrated domains of 'sensor NLR' proteins (e.g. the WRKY domain of RRS1) that interact with 'helper NLR' proteins to form NLR pairs that activate ETI (Williams et al., 2014; Le Roux et al., 2015; Sarris et al., 2015) .
The majority of sensors identified to date are decoys (70% ; Table S2 ). Decoys may be the preferred group of effector sensors since they can evolve to specialize in effector perception without the constraints of maintaining additional immunity functions that are associated with guardee sensors. Most decoy sensors are kinases (~70% ; Table S2 ), which is reflective of their prominence as effector targets and may represent a preferred strategy to detect kinase-targeting effectors, which may be influenced the highly conserved structure of kinases.
While the majority of effectors that target sensors have been shown to activate ETI, some have evolved to overcome the 'NLR Trap', as exemplified by effectors HopF2 and HopZ3 from P. syringae (Table S2 ). These effectors deploy stealth tactics to manipulate sensors as a virulence target without activating ETI. Interaction of HopF2 and HopZ3 with RIN4 prevents ETI activation by the effectors AvrRpt2 or AvrRpm1 and AvrB3, respectively (Wilton et al., 2010; Lee et al., 2015) . Furthermore, HopF2 ADP-ribosylates RIN4, and prevents PTI-promoting RIN4 phosphorylation without activating ETI Chung et al., 2014) Another example of an effector that uses stealth tactics is the serine protease HopB1, which targets the PRR coreceptor BAK1 . Upon perception of the PAMP flg22, heterodimerization and transphosphorylation occurs between the PRR FLS2 and its co-receptor BAK1, leading to a PTI response (Chinchilla et al., 2007) . Interaction of HopB1 with activated FLS2/BAK1 leads to disruption of this complex, and subsequent dampening of the PTI response . By targeting the activated BAK1, HopB1 is able to avoid host surveillance, while still disrupting a major component of plant immunity. As BAK1 is not known to associate with an NLR, it is not currently classified as a sensor. However, bak1 mutants develop HR-like cell death and are less susceptible to biotrophic pathogens . As these are typical outputs of the ETI response, this suggests that plants may sense effector-induced molecular perturbations of BAK1 to activate immunity, potentially through an as yet unidentified NLR. Overall, these examples demonstrate that while sensors can act as bait for effectors to activate NLR traps, pathogens have evolved effectors that can effectively dismantle these traps without activating ETI.
CONCLUSIONS
Our survey of effector targets has confirmed a number of documented properties of effector functions: (i) plant immunity is a prominent target of effectors; (ii) effectors can target multiple locations in a plant cell, including different eukaryotic compartments; (iii) most effectors are promiscuous and can have numerous host targets (iv) some effectors may specialize to target crucial hubs of plant immunity.
Low specificity effectors are more abundant than effectors that target just one protein. This is particularly important considering the highly buffered nature of plant immunity networks, which are resistant to perturbations of individual network components (Hillmer et al., 2017) . It has been noted that 'Only pathogens that have evolved a sufficiently comprehensive repertoire of effectors and toxins that can blanket the entire signalling network will succeed in causing disease' (Tyler, 2017) . Low specificity effectors could provide this 'blanketing' capability without dramatically increasing the effector repertoire. However, this 'blanketing ability' is likely constrained since the results from high-throughput interactome screens have shown that effectors converge on a limited number of host proteins (Baltrus et al., 2011; Mukhtar et al., 2011; Weßling et al., 2014) . These host proteins may possess intrinsic binding properties that promote protein interactions AS effectors converge on well connected nodes of the of the plant immune network (Mukhtar et al., 2011; Weßling et al., 2014) . In addition, proper localization may also be an important factor ensuring that low specificity effectors interact with the proper subset of host targets. However, increased promiscuity could result in easier detection by the host ETI machinery, requiring the deployment of 'stealth' effectors that can disarm the ETI trap without recognition.
Our survey also highlighted that different phytopathogens potentially use different immunosuppression strategies. For example, P. syringae preferentially targets kinases that are upstream components of immune signalling, whereas Xanthomonas has evolved to predominantly target more downstream, such as the transcriptional machinery, supported by the presence of TAL effectors that are absent in P. syringae. In contrast, oomycetes appear to target a more diverse range of molecular targets than bacteria that includes targets associated with peroxisomes and the ER. Fungal effector targets are enriched for NLR proteins, potentially reflective of a preferred virulence strategy to suppress ETI responses and/or a preferred fungal effector recognition strategy by the host. Overall, the diversification of effector targets across pathogen types may have evolved to optimally accommodate the different infection strategies deployed by each pathogen. Additionally, such diversification of host targets could reduce selection pressure on individual components of the host cellular network and limit the rate of host adaptation.
We acknowledge that some of the trends deduced from our survey are likely influenced by biases of genetic screens that identified the first effector targets. Nevertheless, our analysis has highlighted interesting properties of pathogenic strategies and effector biology that can be built upon by future research efforts to refine or reinforce these observations.
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